Nuclear Magnetic Resonance (NMR) Spectroscopy 
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Introduction 


NMR history 

NMR spectrometer: structure, magnet, probe 
NMR safety 

Applications of NMR spectroscopy 
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Important Events in Development of NMR 


Нарі, magnetic resonance for atomic nuclei (1944 Noble Prize); 
Bloch & Purcell, ММН phenomenon, (1952 Noble Prize); 
Varian Company, the first commercial NMR spectrometer; 

190 ММВ: 

oolid state ММВ: 

High resolution NMR (Superconducting magnet); 

Pulse Fourier Transform NMR (FT-NMR); 

Chemically Induced Dynamic Nuclear Polarization (CIDNP); 
Ernst, methodology in high resolution NMR (1991 Noble Prize); 
Lauterbur & Mansfield, Hospital NMR Imaging (2003 Nobel Prize); 
Wuethrich, NMR for bio-macromolecules (2002 Nobel Prize); 
LC-NMR, LC-MS-NMR 


Nobel Prize Laureates Related to ММА 


I. I. Rabi F. Bloch E. M. Purcell 


1944, Physics 1952, Physics 
Resonance of nuclei Discovery of NMR 


R. R. Ernst K. Wuethrich P. Lauterbur Р. Mansfield 
1991, Chemistry 2002, Chemistry 2003 Medicine 
HR & 2D NMR NMR for Bio-Macromol. MRI 
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Bloch's Laboratory in Stanford, 1949 


NMR Spectrometer in 1964 
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Solid-State NMR Spectrometer іп SKLAOC, 
Lanzhou University 
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NMR Spectrometer Structure 
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Safety Issues When Using ММА 


Warning Signs 


5 Gauss line 
Non-magnetic tools 
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ММН Periodic Table of Elements 
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Applications of ММН 


Applications of ММН 


Molecular Structure in Solution 
High resolution 1D & 2D ММА 


R. R. Ernst 


1991 Nobel Prize 
in Chemistry 


Comparison of X-Ray and NMR 
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diffraction pattern 


X-ray 


X-ray 

Direct detection of atomic positions 
though electron density maps. 

The globe structure is provided 
though each individual 
diffraction spot. 


It requires high quality single crystals. 


Indirect determination of H-H 
distances and a relationship 
between hydrogen, carbon, 
nitrogen, and other atoms. 


It provides local properties of the 
structures. 

Requires either solution or 
precipitates. 


NN Substructural elements | full connectivity | 3D structure 


The NMR strategy and Ше NMR tools: 


- number of protons, ІН chemical shifts, ІН-ІН couplings ---> ЇН spectrum 

- number of magnetically nonequivalent carbons ---> "С spectrum 

- number of NMR-detectable other nuclei (°F, ЗІР, ..., BN?) ---> X spectrum 

- ІН-ІЗС direct correlation (one-bond) ---> HSQC, (C,H COSY, HMQC) 

- identification of ІН spin systems ---> TOCSY 

- ІН coupling network ---> COSY 

- ІН-Х (X=8C, РМ, РЕ, ЭР, etc) long-range correlation ---> HMBC( COLOC ) 
- stereochemistry, 3D structure ---> NOESY, ROESY 
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Carbon-13 (ЗС) NMR spectrum 
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COSY - COrrelation SpectroscopY: 
correlates scalarly coupled protons 
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HMQC - Heteronuclear Multiple Quantum Coherence 
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Taxol: anticancer drug 
(MW: 853.906) (MS) 
Су На МО 4 


( the number of constitutional 


isomers >> 1039 111) 9 Asym. Carbon (11) 


де + que 211 = 2048 
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ІН spectrum of Taxol 
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13С spectrum of Тахо! 


Experimental time: 14h 
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'H shifts (int 
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COSY - COrrelation SpectroscopY 


(correlates scalarly coupled protons) 
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TOCSY - TOtal Correlation SpectroscopY 


(identifies protons belonging to the same scalar coupling network) 
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HSQC - Heteronuclear Single Quantum Coherence 


(correlates X-'H chemical shifts via one-bond 1Ј(ХН) couplings) 
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ІҢ chemical shifts 


Results from the HSQC experiment: 


Proton-Carbon Pairs l— 
8.06 (2) 130.21 (4%) 4.72 (1) 73.20 (d) 203.61 ($) 
7.67 (2) 127.04 (d°) 4.33 (1) 72.18 (а) 172.72 (s) 
7.54 (1) 133.71 (а) 4.23 (1); 4.13 (1) 76.52 (t) 171.22 ($) 
7.44 (2) 128.70 (4“) 3.73 (1) 45.64 (d) 170.35 ($) 
7.42 (1) 131.97 (а) 3.48 (1) 167.04 ($) 
7.41 (2) 127.04 (d*) | 2.47 (1); 1.81 (1) 35.63 (t) 167.01 (s) 
7.35 (2) 129.03 (d*) 2.38 (1) 141.95 ($) 
7.33 (2) 128.72 (а*) 2.31 (3) 22.63 (4) 137.99 ($) 
7.28 (1) 128.37 (а) 2.29 (1); 2.22 (1) 35.72 (t) 133.65 (s) 
6.91 (1) 2.17 (3) 20.84 (а) 133.23 (s) 
6.21 (1) 75.57 (d) 1.73 (1) 129.18 ($) 
6.16 (1) 72.41 (d) 1.72 (3) 14.83 (а) 81.19 ($) 
5.72 (1) 55.04 (а) 1.62 (3) 9.7 (а) 79.05 ($) 
5.61 (1) 74.98 (d) 1.17 (3) 26.88 (а) 58.65 ($) 
4.87 (1) 84.41 (d) 1.08 (3) 21.83 (а) 43.19 ($) 
Conclusions: We have: 
a, cross-peaks identify C-H pairs 15 quaternary 
b, no cross-peak at a ІН chemical shift: exchangable proton 17 + 6* CH 


с, no cross-peat at a "ЗС chemical shift: quaternary carbon 3 СН, 
6 СН. carbons 


ntz2 per increment 

256 complex points in F1 
mixing time = 160 msec 
exp. timez32 min 


DQF-COSY of Taxol 


ntz1 per increment 
niz640, phase=1,2 
exp. timez40 min 
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С: 8.06, 7.54, 7.44 


(expansion #1) 


Known from TOCSY: 
8.06, 7.54, 7,44 
7.67, 7.42, 7.33 
7.41, 7.35, 7.28 
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Gradient HSQC spectrum of Taxol (expansion #1) 
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(expansion #2) 


6.91, 5.72, 4.72, 3.48 


(ехрапзюп #2) 


Known Нот TOCSY: 
6.91, 5.72, 4.72 3.48 


Known from !*N-HSQC: 6.91 is М 


Known from !3C-HSQC: 3.48 is O 


Gradient HSQC spectrum of Тахо! 
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(expansion #3) 


6.16, 2.29, 2.22, 1.72 


(expansion #3) 


Known Нот TOCSY: 
6.16, 2.29, 2,22, 1.72 


Known from HSQC: 
2.29, 2.22 are geminal partners 


Gradient HSQC spectrum of Тахо! (expansion #2 
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Gradient HSQC spectrum of Тахо! (expansion #3 
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ІН TOCSY spectrum of Тахо! 
(expansion #4) 


4.87, 4.33, 2.47, 2.38, 1.81 


DQF-COSY of Taxol 


(expansion #4) 


Known from TOCSY: 
4.87, 4.33, 2.47, 2.38, 1.81 


Known from HSQC: 
2.47, 1.81 are geminal partners 
2.38 is OH 


DQF-COSY of Taxol (expansion #5) 
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Known from HSQC: 4.23 and 4.13 are geminal partners 


Assigned substructures: 


8.06 (2) 130.21 (а*) 6.16 (1) 72.41 (d) 
7.44 (2) 128.70 (d*) 2.29 (1); 2.22 (1) 35.72 (t) 
7.54 (1) 133.71 (а) 1.72 (3) 14.83 (а) 
7.67 (2) 127.04 (d*) 5.61 (1) 74.98 (d) 
7.33 (2) 128.72 (d°) 3.73 (1) 45.64 (а) 


7.42 (1) 131.97 (а) 
4.87 (1) 84.41 (d) 


7.41 (2) 127.04 (d*) 4.33 (1) 72.18 (а) 
7.35 (2) 129.03 (d*) 2.47 (1); 1.81 (1) 35.63 (t) 
7.28 (1) 128.37 (а) 2.38 (1) 

6.91 (1) 4.23 (1); 4.13 (1) 176.52 (t) 
5.72 (1) 55.04 (а) 

4.72 (1) 73.20 (а) 1.17 (3) 26.88 (а) 
3.48 (1) 1.08 (3) 21.83 (а) 


To be assigned: 


6.21 (1) 75.57 (d) 203.61, 172.72, 171.22, 170.35, 167.04, 
2.31 (3) 22.63 (а) 167.01, 141.95, 137.99, 133.65, 133.23, 
23 ж 20.84 (а) 129.18, 81.19, 79.05, 58.65, 43.19 


1.62 (3) 9.57 (а) Number of assigned substructures: 9 


(correlates 13С-1Н chemical shifts via long-range "J(X,H) (n=2,3,4?) couplings) 
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Gradient HMBC Spectrum of Тахо! 
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ЕТ (ppm) 


| of Тахо! (expansion #1) 


6.21 (1) 
2.31 (3) 
2.17 (3) 
1.73 (1) 
1.62 (3) 


75.57 (d) 
22.63 (q) 
20.84 (q) 


9.57 (q) 


To be assigned: 


203.61, 172.72, 171.22, 170.35, 167.04, 167.01, 141.95, 
137.99, 133.65, 133.23, 129.18, $1.19, 79.05, 58.65, 43.19 


Number of assigned substructures: 11 


Gradient HMBC spectrum of Тахо! (expansion #2) 


127.04 X 


128.72 


131.97 
7.42 


130.21 


128.70 


133.71 
7.54 


To be assigned: 


6.21 (1) 75.57 (d) 203.61, 172.72, 167.04, 167.01, 141.95, 137.99, 
1.73 (1) 133.65, 133.23, 129.18, 81.19, 79.05, 58.65, 43.19 


. 57 
und ош Number of substructures to link: 11 


Gradient HMBC spectrum of Тахо! (expansion #3) 


6.21 (1) 
1.73 (1) 
1.62 (3) 


5.72 


167.01 


° 
T T T T 
169 168 167 166 
Е1 (ppm) 


F2 4 | | " 
(ppm) | ip: Ш 7.41 
| | 167.01 22:14 
" 7.67 ЕК 
| 1 167.04 

8.06 ps 

To be assigned: 
75.57 (d) 203.61, 172.72, 141.95, 


133.65, 81.19, 79.05, 58.65, 43.19 


9.57 
(4) Number of substructures to link: 9 


Gradient HMBC spectrum of Тахо! (expansion #4) 


0--Х (6.16)! 


6.91 
НМ Н 
127.04 167.01 шин ОН 
WN 3.48 
128.72 a о 
131.97 
7.42 Bg 
7.33 То be assigned: 
6.21 (1) 75.57 (d) 203.61, 172.72, 141.95, 133.65, 
1.73 (1) 81.19, 79.05, 58.65, 43.19 


1.62 (3) 9.57 (4) Number of substructures to link: 9 


To be assigned: 


6.21 (1) 175.57 (d) 203.61, 141.95, 133.65, 
1.73 (1) 81.19, 79.05, 58.65, 43.19 
1.62 (3) 9.57 (а) 
Number of substructures to link: 6 


Gradient HMBC spectrum of Тахо! (expansion #6) 


28.84 
2.17 НС 
\ 
171.22 усо 1 
203.61 171.22 133.65 43.19 
1| | | | | 
а 5212 | | | | 
141.95 
141.95 
5% 1 167.04 79.05 58.65 35.72 
35.72 Б 568121 | | | | | 
E 45.64 
2 203.61 7218 45.64 
58.65 


To be assigned: 


6.21 (1) 75.57 (d) 
1.62 (3 9.57 (q) e mem Number of substructures to link: 3 


Gradient HMBC spectrum of Тахо! (expansion #7) 


43.19 ; 


79.05 


3.73 


To be assigned: 81.19 


Number of substructures to link: 0 !!!! 


7.28 
128.37 


2.38 
OH 4.33 
НН 247 
58.65 — 35.63) Н 1.81 
СН. 1-08 [45.64 84.41 | Н 437 
га 83 81.19 
127.04 167.01 | i | 
3.48 О 
98s, 76. 
128.72 К H кып Н Е 
133.23 О РЛ НО Эрт 
| Н Н 423 
1.73 О О 
131.97 яр" 5.61 Ш Н 413 
7.42 | О О 170.35 i 
7.33 Sus СН. 231 
22.63 


130.21 


Full "Н and 13С assignment of Тахо! 
128.70 


NOESY - Nuclear Overhauser Enhanced SpectroscopY 
(detects protons close in space or in chemical exchange) 


H a H a H e H a H e H a 
noe=f(1/r°) | = usss 


1 
Н Н, 
dl {1 mixing 


Н;, 

Таний! | 

А Н 
нео ОН зе 
= H > Hoa 


"Г. 


СІ 


Stereochemistry 


H4C 
о 
ОН 
О "р CHa 
і l 
HN 
H 
NS 
5 
О 9 1. 


@ Asymmetric carbons 


211=2048 possibilities 


ntz4 per increment 

256 complex pints in F1 
mixz700 msec 

exp. timez2 h 10 min 


DPFGSE - NOE (Double Pulsed Field Gradient Spin Echo NOE) 


mixing 


ІН 


Grad. "TTT 1 1 


1D Gradient version of NOESY with extreme reliable results 
Replaces the 1D NOE-difference experiment 


Н4.13 


HS : 57 
5.61 5 id Н4.23 


О 
Y CH, 
ing C 


selective inversion at 1.62 pom 


Experiment time: 4 min 


selective inversion at 5.61 ppm 


Experiment time: 4 min 


ІН NOESY spectrum of Taxol 


(expansion) 


CO 


CONH H 


HO H 


Phe 
ЗНН) = 2.7 Hz 


ІН NOESY spectrum of Тахо! 


(expansion) 


Stereo Structure of Тахо! 


In the two boxes only the relative 
configuration is known 


Applications of NMR 


K. Wuethrich 


2002 Nobel Prize 
in Chemistry 


Applications of NMR 


HPLC-NMR / MS 
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Applications of ММН 


Dynamic NMR (DNMR) 


60°C 0С 
4 1.3 1.2 1.4 1.3 1.2 
| ótppm) | -O(ppm) 
H 
р» р, | р, р, D; H 
===: H N== CH 
D> D р» — — онаррриг, Мич ра 

0% Da D a CH20H 


Inversion Barrier - 10 kcal / mol Inversion Barrier ~ 21 kcal / mol 
Yang, Chen. J. Chem., 1990, 428 
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Applications of ММН 


Chemically Induced Dynamic ғы 
Nuclear Polarization (CIDNP) A i ps 
(PhCOO), жы. PhCOO' НЭЭ N , QC 


h 
ее, 
| мвр 
12 min 
" + | 
га m care 
ҒАС” Ф-- Тур АО + #77, 


ТЕ es p TU А + D+ PS 
| 
Ж 


Yang, et al., JCS Perkin 2, 1994, 585 


Fischer, 1967 
ChemComm., 1996, 451 


Applications of ММН 


А+ 


езе 


Time-Resolved CIDNP 


UNIX 
Workstation 


= 
© 
= 
2 
Nd-YAG Lase = 
Schematic Diagram ol Time-Resolved CIDNP Instrumentation 
=. 
ш 
= 
2 
Е 


Diagrammatic Representation of Ше RF and Laser-pulse 
Sequenee Used in the Timc-Resolved CLONP Experiment 


Yang, Gomberg 2000, 2000 


Applications of ММН 


NMR Imaging (MRI) NMR Microscopy 


P. Lauterbur 
P. Mansfield 


2003 Nobel 
Prize in 
Medicine 
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Applications of ММН 
High Resolution NMR in the Solid State 


me 13C CP/MAS 
| 
13С-1Н МА5-Ј-НМОС spectrum 
of Vitamin B12 


Р1- projection 
= proj 


200 180 160 140 120 100 80 60 40 20 


400 МН? spectrometer, spinning speed 13,717 kHz, contact time 1 ms 


Applications of NMR 
High Resolution NMR in the Solid State 


HN 


Vitamin В,» 
C; Hg CoN,,O,;P 


Vitamin B12 


Applications of ММН 


In Situ MAS (magic-angle-spinning)NMR in the Solid State 


thermocouple 


cryostat 
D 

іш 

carrier gas ë 
mass flow magnet 

controller 

„- | sample 
Ге | | are 
2-1| loop 


cold trap ! 


gas chromatograph 


reactant 
flow 
product 
flow 


exhaust tube 
rotor cap 


rotor 
injection tube 


catalyst bed 


Bruker WB NMR spectro- 
meter, 100.6 MHz for ЗС: 


Modified 7 mm Doty MAS 
NMR probe, DSI-740; 


У, < 3.5 kHz; 
Т‹923 К; 
On-line GC, НР 5890 


In last course, we were talking about... 


In last course, we were talking about... 


NMR history 

NMR spectrometer: structure, magnet, probe 
ММН safety 

Applications of NMR spectroscopy 


NMR Spectrometer 


Superconducting magnet 
Probe 


Console (rf mixers, amplifiers, locking 
system, gradients, shim power supply, 
etc.) 


Host and acquisition computer 


Superconducting Magnet 
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Chapter 1: Basic Principles of NMR 


Nuclear Spin 

Nuclear Magnetic Hesonance 
The Vector Model 

Pulsed Fourier-Transform NMR 
Helaxation 


Structure of Atomic Nucleus 


Atomic nucleus consists of neutrons and protons 
An atomic nucleus is specified by atomic number, 
mass number, and spin quantum number 
Atomic number specifies number of protons of 
the nucleus [chemical symbol: Н(2=1), С(2=6), 
М(2-7) 

Mass number specifies number of neutrons of 
the nucleus 

Isotope: nuclei with the same atomic number, but 
different mass number. For example: "Н = p, ^H 
= p + n and "С = бр + бп, "С = бр + 7n 


Nuclear Spin 


* Nuclear spin quantum number (/) specifies 


nuclear spin, which is a fundamental and intrinsic 
property of atomic nucleus 


° Suggested by Pauli in 1924 to explain hyper- 
structure of atomic spectra 


° The hyper-structure or splittings of atomic 
spectroscopy in the inhomogeneous magnetic 
fields demonstrated that nuclei of diffident 
elements (and different isotopes of of the same 
element) differ in spin angular momentum 


Nuclear Spin Quantum Number (I) 


Atomic Atomic 


|| Mass Number Example (1) 
Half-integer Ода Odd or IHG), СОС), МС) 
even 
Integer Even Odd 2Н(1), '4N(1), 9В(3) 


Zero Even Even 2С(0), 160(0), %5(0) 


ММН Periodic Table of Elements 


i Me 
| ЖЫ | 1201 | 1401 | 1600 1800: 20718 
i3 14. 15 17 
А | Si 5 C 
| ША | түй, LI | LIP | LIE | ми 4 ІН ша 2008 | 2808 | 30897 3208 3445 


АС ïi її а 24 25 BH. NT | X 28 jó 1! 12 а ы 35 
Са Sc T V Сг Mn Ре Co | ! : Cu Zn ба бе As Se Br 
10:08 D 4 034 5200 | 5404 | 55.85 | 5A B3 (БАТ! 


4 |: 1: | 8155 6417 | ото | гово |245 таза ТО 
41 42 43 Тақ Р | Е 
Hb Mo Tc Rh | 
23 82:31 9584 | 8 4102.17 | 1028 Плов 


49 0 741 Ет; “> 
қ н та oq oM | м. 
Ж Та W Не Os X Pt 


(AB | 1187 | 12 Y BI Ч x. 


180.8 | 1833 | 1862 | 1902 182.) 


| 0 


Nuclear Magnetic Moment (4) and 
Nuclear Spin (1) 


и: nuclear magnetic moment 

I: nuclear spin quantum number 

y: magnetogyric ratio or gyromagnetic ratio 
h: Planck constant 


Nuclear Magnetic Moment (u) and 
nuclear spin (I) 


т: magnetic quantum number, 
has the values of -/, -/ + 1,.., /- 1, І 
B: the applied magnetic field 


Nuclear Orientation and Energy Levels 
in a Static Magnetic Field (H) 


o field 


Zer 


ММН is an Insensitive Method 


= — == = B 
AE E її пФ 1/80 


ММК signal oc (N -N ,) 


p 


ү 
-е АЕЛКГ мо зм „-АЕ/КТ 
N p о 

77 

77 p о о о 
For a 500 MHz ММК at 300 K, 


AE <1.054х107 34 Js.2.67519 x 109 каат“ 157 1 x11.74T = 331x107 221 


Therefore 1-е AE/ KT y 2 8.0x107? or AN = 8.0х1077 "t 


If one million molecules is under consideration, 


N = 500020 and Ы. = 499980 AN = 40 


Relative energy of both spin states of ап / = 5 nucleus as a function of 
the strength of the external magnetic field Во. 


ММВ Resonance Condition 


у Л Bo 


E; = M; 
2m 


Ат, = + 1, therefore... 


ДЕ = Em = -1 /2) 7 Em = 1/2) 
h 

AE = — B, 
2,ТТ 

On the other hand... 
AE — hv 


Unit in ММА 


Во 
27: 
where B,1s magnetic field strength 1n Tesla. 


For a 500 MHz NMR spectrometer, 


6 -l 
В = еишм 


° 26.7519 x10’ rad T's" 
With B, of 11.7 Tesla, "C NMR frequency, 


7 -] -1 
„6.7283 x10 rad Т s -11.74 T – 125 7 «105 Hz 


271 


w = —yB,rads" D = 


= – 125 7 MHz 


Signal Intensity 


Hesonance Frequencies of 
Common Nucleus (5.87 T) 


150 125 100 75 


Resonance Frequency (MHz) at 5.87 T 


Energy 
changes 
involved 


Region in 
electro- 
magnetic 
spectrum 


Nuclear Inner shell Ionization of Valence | 


electrons atoms and 


Gamma X-rays 
rays 


ІА 


10А 


Х-гау$ 


molecules 


uv 


electrons 


"Soft" Vacuum Near Visible 
uv 


100A 2,000А 4,000А 8,0004 
0.8рт 2.5ит 25ит 400 um 


ММН Frequency 


Molecular vibrations: Spin orientation 
stretching bending (іп magnetic field) 

Electrons Nuclei 

esr nmr 


Near 


ir Infrared сага Micro- Radio 
(over- (funda- Waves waves 
tone) mental) 


0.04cm 25cm 


Wavelength 


Schematic diagram of electromagnetic spectrum 


The Vector Model 


е The vector model provides a sort of 
simple, intuitive, non-mathematical picture 
of total magnetization and its precession, 
and its movement under the influence of 
r.f. pulse. 


° [tis limited to an isolated system of spin- 
1/2 nuclei. It does not work for “couplea- 
spin" system and other more complex 
NMR experiments. 


For Nuclear Spin of І = 1/2 


Energy 
a (1/2) 


Spin J = 1/2 
ІН, ЗС, ЭР, N, and 31D 


Nuclear Spin and Resonance 


и = УР о<- В, rads” р---- 


Nuclear Spin and Resonance 


и = УР о<- В, rads” р---- 


Vector Model - A Collection of Spins 


B, B, 
k 
< — s 4 > : 2 
a ” 4 4 ї 
` W apply field h wait 
С,“ Š a Ё 7 
~ | 
А я À | я Ч | 
h - » h > h 1 
1 1 \ 
2. 7 > 
>< >< A- 
no field with field with field 


not at equilibrium at equilibrium 


Magnetization - Longitudinal 


The equilibrium magnetization is longitudinal 
and usually not observable! Only the 
transverse magnetization is measurable. 


Magnetization - Larmor Precession 


Rotate M, 
away from z 


T 


y X 


_ : 4 
ду = –УВ, in rad s 


Pulsed Fourier Transform (РЕТ)- ММА 


z 
M, 
"md МЕ 
№ М 


x x 
A rotating frame of reference. The net magnetization M (following a 90° 
pulse) has three components with Larmor frequencies ил, и, and из (i.e., three different 
protons). The frame is rotating at и (the applied pulse). Immediately following the pulse, 
the components are precessing relative to и: и and и have higher frequencies than the 
frequency of the applied pulse и, but the frequency of и 15 lower than that of у. 


Mechanism of Pulsed FT-NMR 


| во Ñ 


M Ü 
М 
@ у 90%, 
— > У — ы | 
| : ІШ ТАЗА з | 
2 2 : 
time 1, frequency f, 

Excess of spin After 90° pulse M--Magnetization which 
population along | magnetization produces the FID. It decays 
the direction of IS tipped into as magnetization in xy 
applied magnetic the ху plane. plane diminishes after 
field. resonance. 

preparation detection 


S/N «VN 


Pulsed FT-NMR 


1 2 
Acquisition 
| Pulse | delay , 
| width | time | 
| 


Recovery interval 


и 100 $ 
p p Or sequence 


| 
та 


| C 7 хашин time, t, | delay time 
LE ~ 15 m allow for spin- | 
2 || lattice relaxatlon 2 | 
! | ' ЕЕ depen- | її 
| dE | CA KZ T NP. МА ме рр? 
2 | iding on T, and 2 | 
flip angle, x) 


Pulse repetition time 


Relationship between Free Induction Decay 
(FID) and Frequency Spectrum in PFT NMR 


Most Important 1D ММН Parameters 


ІН ММВ: Chemical shift (6) 

Coupling constant (4. |) 

Integration area (Number of protons) 
13С ММВ: Chemical shift (5) 

Coupling constant (Jc) 

Relaxation time 


Magnetization Changes along 2 and xy Plane 


(а) No Во (b) Во on; prior to resonance (с) At resonance Ug = U, 
M 


Random orientation ої | Net polarization M (or Mz) along the The magnetic vectors precess in 


magnetic dipoles. 7. axis is due to population excess 1n phase with frequency 1). 
lower energy state. The magnetic After resonance, the return to the 
vectors precess about Во at the equilibrium in (b) occurs by the loss 
Larmor frequency Vp. of Муу via dephasing of nuclear 


dipoles by T; and increase in M; by 
spin inversion due to ТІ. 


Spin-Lattice Relaxation (Т,) 


Rotational 


component of B; 


К 
------->- 


y component of М 


(b) (c) 
Oscillator generates rotating component of applied magnetic 

field В. . The net magnetization M, is tipped to M, which precesses about Ше z axis 

generating a component of magnetization in the horizontal plane. (c) Longitudinal 

relaxation of M to M, follows a decreasing spiral. Transverse relaxation 7, (dephasing of 

M) is omitted. The Cartesian frame is stationary. 


opin-Spin Relaxation (Т,) 


T; relaxation in the xy plane of a rotating frame. 


In last course, we were talking about... 


In last course, we were talking about... 


* Nuclear Spin 

е Nuclear Magnetic Resonance 

• [he Vector Model 

• Pulsed Fourier-Transform ММВ 
* Helaxation 


Nuclear Magnetic Moment (u) and 
Nuclear Spin (I) 


| when a static magnetic field is applied... 


h | 
Е = -2 mB 
РР C 
т: magnetic quantum number, 
has the values of -/, -/ + 1,.., /- 1, І 
B: the applied magnetic field 


Relative energy of both spin states of ап / = 5 nucleus as a function of 
the strength of the external magnetic field Во. 


ММВ Resonance Condition 


у Л Bo 


E; = M; 
2m 


Ат, = + 1, therefore... 


ДЕ = Em = -1 /2) 7 Em = 1/2) 
h 

AE = — B, 
2,ТТ 

On the other hand... 
AE — hv 


Vector Model - A Collection of Spins 


B, B, 
k 
< — s 4 > : 2 
a ” 4 4 ї 
` W apply field h wait 
С,“ Š a Ё 7 
~ | 
А я À | я Ч | 
h - » h > h 1 
1 1 \ 
2. 7 > 
>< >< A- 
no field with field with field 


not at equilibrium at equilibrium 


Mechanism of Pulsed FT-NMR 
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M Ü 
М 
@ у 90%, 
— > У — ы | 
| : ІШ ТАЗА з | 
2 2 : 
time 1, frequency f, 

Excess of spin After 90° pulse M--Magnetization which 
population along | magnetization produces the FID. It decays 
the direction of IS tipped into as magnetization in xy 
applied magnetic the ху plane. plane diminishes after 
field. resonance. 

preparation detection 


S/N «VN 


Signal Intensity 


Hesonance Frequencies of 
Common Nucleus (5.87 T) 


150 125 100 75 


Resonance Frequency (MHz) at 5.87 T 


Signal Intensity 


However, life is not that easy... 


у = VB og / 2T 


175 150 125 100 75 50 xs 


Resonance Frequency (MHz) at 5.87 T 


ІН NMR: 


3C NMR: 


Most Important 1D ММН Parameters 


Chemical Shift (6) 

Coupling Constant (Уу) 

Integration Area (Number of Protons) 
Chemical Shift (6) 

Coupling Constant (сн) 

Relaxation Time 


Chapter 2: Chemical Shift 


The Origin of Chemical Shift 


[mend 


Circulating electrons 


Magnetic lines 
of force 


Vett < V4 


и = 57 Бо 


Vett — 2z Bol! S а) 


В. = flux density of the 
stationary magnetic field 
v, = applied frequency 
Vor = effective frequency 
at resonance 
y = magnetogyric ratio 
o = Shielding constant 


Definition of Chemical Shift (9) 


6 = Ук - Утм5 X 10° 


( и spectrometer 


A ratio of frequency difference between the resonance 
and that of TMS and operating frequency 


о (ppm: part per million) 


6 = 3.0 = “R "IMS x 10° 
60 х 106 


р — T = 60 х 3.0 = 180 Hz 


The Relationship between Chemical Shifts, 
Frequency, Magnetic Field and Shielding in NMR 


Lower field I 


Higher frequency 


Deshielding 
. Higher field „CH3 TMS 
| Lower frequency | СН, -5і- CH 
CHC1; | shielding 2 СН. 2 
гезопапсе resonance 


10.0 9,0 8.0 7,0 6.0 5,0 4,0 3,0 2,0 1,0 0 


ó ppm 


TMS Tetramethylslane 
DSS 2,2-dimethyl-2-silapentane-5-sulfonate 


Relationship between Radio Frequency 


Instrumental 


Frequency 
200 MHz 
100 MHz 
60 MHz 


and Chemical Shift 


Frequency Shifts 


2000 Hz 1450 Hz 600 Hz 200 Hz 
1000 Hz 725 Hz 500 Hz 100 Hz 
600 Hz 435 Hz | 180 Hz 60 Hz 
i 
| | | | 
i ó =7.25ррт | № 
i | 
| СНС 1, ! | 
| | | 
i I | 
10 9 8 7 6 5 T 5 2 1 0 
Deshielding 5 scole ppm Shielding 
РР — 
High frequency High field 


Low field Low frequency 


NMR Scale at 300 MHz and 600 MHz 


Frequency Scan or Pulse 


Зри МН? 
| ا‎ 111121 | | 
3000 2700 2400 2100 1800 1500 1200 400 6500 200 ЈА м (Hz 
10 3 В г h 5 Д 3 2 1 ПА 
— — 
Higher frequency Lower frequency 
/ leas Shieldec more 5ЇїЕ dad 


5000 SA 4800 | 400 3600 3000 гай 1800 1200 600 
10 9 B 7 Б 5 4 3 2 ] 
300 M | 
— — x 10° = 61.00, ог 1.00 ppm 
300 x 105 
600 


тт x ЦИ = 81,0), or 1.00 ppm 


/ во је еа „ёа! x 
i Ч 


/ | 600 MHz | ` 


Resolution v.s. Instrument Frequency 


Theory of Chemical Shift 


В. = -cB, B Magnetic Field Strength 
с Shielding Constant 


In Molecules: 6-047 с, 

In Bigger Molecules: o = од(ос) + o,(loc) + б, + o, + бе + 6, 
са Diamagnetic Shielding Effect 

Paramagnetic Deshielding Effect 

c, Anisotropic Shielding Effect 

o, Ring Current Effect 

o, Electronic Field Effect 


o, Solvent Effect 


Factors Affecting Chemical Shifts 


° Substitution and Hybridization 

* Inductive and Conjugative Effects 
* Anisotropic Effects 

° van der Waals Force 

* Hydrogen-Bonding 


° Solvent Effects 


Substitution and Hybridization 


Substitution of a proton by carbon causes deshieiding: 


R-CH4 К-СН»-К (К)„-СН-К К- alkyl 
О: 0.93 1.2 1.5 


sp3,sp or sp hybridization of carbon-13 
influences the resonance position: 


Он (ppm) óc (ppm) 


Alkyl (вр?) 1-4 10-50 

Alkenic (sp^) 5.7 100-150 
Aromatic (sp) 7-9 100-150 
Carbonyl (вр) 8-10 150-200 


Alkynic (sp) 3 50-80 


Examples 


` 1.44 


Inductive Effect : 
Electron Withdrawing Groups Lead to Deshielding 


CH;-F CH,-Cl СН.-Вг СН.-1 CH;-Si (СНа)з СН.-М 
0: 4.3 3.0 2.7 2.2 0.00 - 0 


СНЕ СНОН  CH&éNH, СН,-СН, 
8: 43 3.4 2.2 0.9 


СН.-Вг CH,CH,-Br CH, CH, СН,-Вг CH; СН, СН, СН, СН, СН»-Вг 
0: 2.7 1.7 1.0 0.90 


Е-СН,Е СІ-СН,-СІ Вг-СН,-Вг 1СН,ї 
5: 5.5 5.3 4.9 3.9 


CH;CI CH,Cl, CHCl, 
8: 3.0 3.3 7.27 


Conjugative Effect : Shielding 


e 46 У“ 


СУ се 
СН;-СН-СН-С-СН, CH;-CH-CH-Ó-CH, 
19 68 62 24 КИ 62 


1 a, 
в Съ О-С-СН, О-СН, 
Н а, 


ра 7.25 


Anisotropic Effect of Aromatic Hings 


shielding cone 


(+) Induced magnetic 
lines of force 


deshielding 
region 


- 
Lr! 


rS 


deshielding 
region 


Circulating 


electrons 
(+) 


Anisotropic Effect of Double Bonds 


induced magnetic field 


Examples 


i H о 
Y H 
СН, 231 
3.55 Н он 1 | 3.75 


Anisotropic Effect of Triple Bond 


shielding cone 


| deshielding 


region region 


deshielding і | 4 1 - їз 


B, 


shielding cone 


Anisotropic Effect of Single Bond 


lon + ж” shielding zone 
> VA \ (diamagnetic) тЫ т 
N „7 | \ ۴ d TP 
NL р Р | | leshielded 

| и! гэн н“ | 

/ | | a “чш 

” “ \ / / =" ы 
- + `x / В in = 
0 
H 1.27 СН» 1.10 
СН» Н Н 


van der Waals Force 


0.88 3.55 3.92 1.10 2.40 4.68 
> H H н 


H 
H H 5.28 
H H 

H H 


H H 


[16]-annulene [18]-аппшепе 


Hydrogen-Bonding 


Intermolecular hydrogen-bonding 
(6 influenced by solvents) 


0.5 -4.0 
Х-Н----Ү И 
X = N,O,CI,Br,... 
OH 4-7.5 
1-4 

" О 
н-)- OH y - 14 н-4 

А OH OH 10-14 
alcohol enol phenol carboxylic acid 


о depends on temperature, concentration and the nature of the solvent. 


Hydrogen-Bonding 
Intermolecular hydrogen-bonding 


(5 influenced by solvents) 


МН 3-5 


R 
ма = јун v H 
0.5 - 3.0 NH, КОН R 6 
4-7 


- 8.5 


Intra- molecular Hydrogen-Bonding 


(R); – ОН 
81-4 


Hydrogen-Bonding 


Intramolecular hydrogen-bonding 
(5 not influenced by solvents) 


H 15.25 
10.5 
СН-О 
M, У > мн 9,45 
О 9 | Р ^o 
> 
C-O-CH 3 СН307 | СН, CH; 

O He 
“н. ° Қ 
10.85 'O О 


Solvents Effects 


CH,CH,OH in CDCI, 


1100 1080 360 340 
Hz ЕТІ 
4.5 4.0 3.5 3.0 2.5 2.0 1.5 


f гэгэгтл З 


Малаа дивља вала кади LN EIS LEE LINGE RS M NM GLAS вна дейд б ызыл колын дейын Бал каса колы У Су CS rr soe 
7 305 1290 1275 1050 1035 1020 ззо 345 3 OO 
Hiz 


ОН 


О.5 


Solvents Effects 


О„О Exchange for determining active hydrogens in 
ROH, RCOOH and В.МН, RCONH, 


ВОН + DLO —> ROD + НОО 


С,Н,-СН,-ОН 


+D,O 


ІҢ Chemical Shifts of Common Structures 


о 
сн,—© 
Y 
~ 2,1 № 
317 —1.8CH,—C-—C 
Q i 
—с 
“о-н М —3.0 | —0.9 
—— ње H.— Сну Сак 
"se Ли 
ساس‎ 
11 10 9 8 7 6 5 4 3 2 | 0 


Solvent 


Acetone-d, 
Acetonitrile-d., 
Benzene-d, 


Choloform-d 
Cyclohexane-d,, 


D,O 


p-Dioxane-d, 
DMSO-d6 
Methanol-d, 


Pyridine-d; 


он ppm 


2.05 


1.94 


(5) 


óc ppm 


206.7 (13) 


29.9 


123.9 


(7) 


(3) 


135.9 (3) 
150.4 (3) 


Some Useful NMR Solvents 


oHDO ppm 


2.0 


2.1 


In last course, we were talking about... 


In last course, we were talking about... 


* Origin of Chemical Shift 

* Definition of Chemical Shift 

* Theory of Chemical Shift 

* Factors Affecting Chemical Shift 

• 1H Chemical Shifts of Common Structures 


The Origin of Chemical Shift 


[mend 


Circulating electrons 


Magnetic lines 
of force 


Vett < V4 


и = 57 Бо 


Vett — 2z Bol! S а) 


В. = flux density of the 
stationary magnetic field 
v, = applied frequency 
Vor = effective frequency 
at resonance 
y = magnetogyric ratio 
o = Shielding constant 


Definition of Chemical Shift (9) 


6 = Ук - Утм5 X 10° 


( и spectrometer 


A ratio of frequency difference between the resonance 
and that of TMS and operating frequency 


о (ppm: part per million) 


6 = 3.0 = “R "IMS x 10° 
60 х 106 


р — T = 60 х 3.0 = 180 Hz 


Theory of Chemical Shift 


В. = -cB, B Magnetic Field Strength 
с Shielding Constant 


In Molecules: 6-047 с, 

In Bigger Molecules: o = од(ос) + o,(loc) + б, + o, + бе + 6, 
са Diamagnetic Shielding Effect 

Paramagnetic Deshielding Effect 

c, Anisotropic Shielding Effect 

o, Ring Current Effect 

o, Electronic Field Effect 


o, Solvent Effect 


Factors Affecting Chemical Shifts 


° Substitution and Hybridization 

* Inductive and Conjugative Effects 
* Anisotropic Effects 

° van der Waals Force 

* Hydrogen-Bonding 


° Solvent Effects 


ІҢ Chemical Shifts of Common Structures 


о 
сн,—© 
Y 
~ 2,1 № 
317 —1.8CH,—C-—C 
Q i 
—с 
“о-н М —3.0 | —0.9 
—— ње H.— Сну Сак 
"se Ли 
ساس‎ 
11 10 9 8 7 6 5 4 3 2 | 0 


Chapter 3: 
Spin-Spin Coupling and Spin Systems 


Mechanism of Spin-Spin Coupling 
Homonuclear 'H Coupling 

n + 1 Rule in First-Order Spectra 
Heteronuclear Coupling 


Chemical Shift Equivalence and Magnetic 
Equivalence 


Multipletes for Various Types of Spin Systems 


Proton Spin-Spin Coupling 


(Н. 81.76) Н GH, 
p. 9 1. | DM. -СН. 
(Н,, 6 1.98 
3 d ) CH | 


H H 
(Н., 5 3.40) 


INTEGRAL 
BENE WE: 
кш i 
pu D í 


3.5 3.0 2.5 2.0 19 1.0 


The Mechanism of Spin-Spin Coupling 
MEN 


На = H, (1- од) = Hg || „ 
Hp = H, (1- ов) ЕН, 


| |} 


The Mechanism of Spin-Spin Coupling 
Dirac Model of J Coupling 


Homonuclear 'H Coupling: 
The Simplified Picture 


-СН,-СН, 


Ed 
_____-- __- 
рт Ш>» 


| е 


5 11 = P 
m z «1/2 
tt ИНН HEU Ut НІ 
М = m,+ точ ms ... М-0 М--і — ШЕ lt] 
E -1/2 spin 


л 4 (5 Ка = © 


Proton Spin-Coupling: п+1 Rule 


n+ | 


СА CA БВ Ww N س‎ 


Pascal's Triangle 


Intensity Ratio Multiplicity | Multiplet 


133! 
1464] 
| 5 10 1051 


чә У — 


мол + 


Singlet 
Doublet 
Triplet 
Quartet 
Quintet 
Sextet 


Proton Spin-Coupling and п+1 Rule 


H. 
5 (П+1)(т+1) 


Joc > Jca 


Р 
ГО 
to 
n 
5 
р! 
n 
-С 
О 
Ц 
pling 
a 
n 
d 
n 
эн 
1 
Н 
Ц 
le 


n | 
1 
) 


AL 


бн 


J 
pc = У 
cd 


The Geminal Karplus Correlation 
2) үн Тог CH, Groups as a Function of H-C-H Angles 


Degrees 
а 


The Vincinal Karplus Correlation 
Relationship between Dihedral Angle (Ф) and 


3. Coupling Constants 


iu #1 
Уста! Coupling Constant J (Hz) 
o M = 
азан Заем ex 
q 
е“ 
=] 
QUE. 
5 | a | 
wd 
о N | 
| \ | 
| || 
© || 
m 
^ 
гд | = | 
22 
БЭ | 
| 
КОШ. 
\ | 
N 


Энн» J 44, Coupling Constants of Alkanes 


Type Ја (Hz) Ja» Typical 

H, | 
bod 0—30 12-15 
⁄ N | | 

H, 
CH,— CH, (free rotation) 6-8 7 

| 
LE ~ Jug) 0-1 0 
| хз Я 
H, 

ax-ax 6-14 3-10 
ах-ед 0-5 2-3 
eq-eq 0—5 2—3 


*Juy Јын Coupling Constants of Alkanes 


asss n YT Jssss4 
Type Ль (Hz) J» Typical 
ER H. ; 
^u cis 5—10 
H, trans 5—10 
(cis or trans) 
H, 
cis 4-12 
H, trans 2—10 
(cis or trans) 
H, 
A. cis 7-13 ` 
H, trans 4-9 
(cis or trans) 
H, 
Н, ^O 6 


25 


a-e Proton Couplings т Cyclic Compounds: 
Application of п+1 Rule 


a-e Proton Couplings т Cyclic Compounds: 
Application of n+1 Rule 


Ha 
МеО:С 


plakortin (ба) epiplakortin (6b) 
Тав = 6 Hz Jaa — 9 Hz 


a-e Proton Couplings т Cyclic Compounds: 
Application of n+1 Rule 


Энн» “нн Coupling Constants ої Unsaturated 
Compounds and Heteroaromatics 


Type Ја (Hz) Ја Typical Type J,, (Hz) Ja» Typical 
H, 
CH,— OH, (no exchange) 4-10 5 J (ortho) 6—10 9 
9 J (meta) 1-3 3 
H 
зен, Сн, 153 268 і 7 (para) Mant 70 
9 4 7 (2-3) 5-6 3 
ец Ж s 3 J (8-4) T 8 
: оа с ° Cy J (2-4) 1-2 1.5 
=c 12—18 1 SN i | а 
P ЧИ - 7 7 (2-5) 0-1 1 
H, J (2-6) 0-1 ш, 
H 
NP ax. J (2-3) 1.3-2.0 1.8 
с=с. 0-3 0-2 | | J (3-4) 31-38 3.6 
Н, 5 2 J (2-4) 0-1 -0 
О 
. h J (2-5) 122 1.5 
с ы ы € 10-3) 49-62 5.4 
сн CH; | | J (3-4) | 34-50 4.0 
С==С 0—3 1—2 S J (2-4) 1.2—1.7 1.5 
м J (2-5) 3.2-3.7 3.4 
HÎ 
с=с 4-10 À C=CH —CH’=C 0 ІЗ 107 


Туре 


J (1-2) 
J (1-3) 
J (2-3) 
J (3-4) 
J (2-4) 
J (2-5) 


J (4-5) 
J (2-5) 
J (2-4) 
J (4—6) 


J (4-5) 
J (2-5) 
J (2-4) 


Spin-Coupling Constants of Heteroaromatics 


Ль (Hz) 


T 


сою 
м RU دیا‎ о 


| 


| 
ма 
Cn 


{ 
=> 


пЈ Long Range Coupling 


Туре Ль (Hz) J, Typical 
Y br 
с=с. Јан 0–3 1.5 
H, 
H CH 
a / р 4) 
С=< НН 0-3 2 
” N 
CH,— C=CH, Јин 2—3 


W-Type Long-Range Coupling 


А H Jac = 0.5 Hz 
` ` Hd 4144 — “Тс = 0Hz 


СІ Вг Нс Вг 
НЬ Hb 
Hc СІ 


Jap 22Н2 Jj, = 2 Hz Ја =2 Hz, Jy, = 0 Hz 


1Н-ММЕ- ЗС Spin-Coupling 


13С satellites separated by 
не 210Н2 


The triplet "С peaks of CDCI, 


шиш ||| separated by "ср = 32Hz 


80 


H-'*F Spin-Coupling Constant 


Type Ль (Hz) Ль Туріса! 


Proton- Fluorine 


19Е | =1/2 Ч Н, 


и 
2 ? 
. Jyp 44-81 
F, 
N | 3 
„Не Jur 3-25 
= | | 
— СЕ, 0-4 
Pu 7 
=C _ 
ATR 1-8 
H, F, 
Не / 
С--С _ 
ЫК 12-40 
F, 
F 
о 6-10 
m 5-6 
а р2 
ay 4.3 


| 
a H,C—C— CHF y Ву 48 


Н-?Е Spin-Coupling 


1. | CH, 
CH, 


“Jur 48 Hz 


п ll, а те те тр tt — 
50 | 4.5 4.0 3.5 3.0 2.5 2.0 


ррт 
ІН spectrum of fluoroacetone in CDCI, at 300 MHz. 


H- ЇР Spin-Coupling Constant 


Type J, (Hz) Jap Typical 


Proton- Phosphorus 


31 | 21/2 О 
P Í "Sup 630-707 

РН 

(CH;)3P 245 27 

(СН.)-Р=О 13.4 

(СН.СН,).Р 0.5 (HCCP) 13.7 (HCP) 

(СЊСН,)Р=0 11.9 (HCCP) 16.3 (HCP) 
| 

СН; P (OR), 10-13 


N 
CH; CP (OR), ЗЈур 15-20 


СН.ОР (ОБ), 10.5-12 
P[N(CHj);] 8.8 
O-—P[N(CH,),]; 9.5 


Waw www r—ark 


Chemical Shift Equivalence and Inequivalence 
Newman projections of three staggered rotamers 


Y Y Y 
A A 
H H, H H, H, H 
A 
3 Оа 2-2 
120? 120 
X 7 Х 7, X Z 
A 
H, На 11 
(a) 
A B A Br B 
A, X, H H, СІ H H, СІ 
Х Х 
Н На Н На Н Н, 


СІ H, 


Chemical Shift Equivalence 


a. Homotropic protons by C, b. Enantiotropic protons by / 


(axis of symmetry) (center of symmetry) 


па На Hp Fc 


СІ СІ 
аН На 


с. Enantiotropic protons by О 
(plan of symmetry, mirror image) 


На На aH Ha 


Ес Hb 


А 


~ 
iet 
EN 


F Cl CH “соон 


Chemical Shift Inequivalence 


a. Diastereotopic proton in a chiral molecule 


Chemical Shift Inequivalence 


a H H a | 
| З Equivalent molecules 
СІ СІ СІ СІ 
а(Н) нр ьн (На | 
-? м Enantiomers 
CH COOH CH “соон ` 
am Hb Он (На 
L сн, „с Diastereomers 
xe < COOH С^ “соон 
НО Н HO H 
6 2.85 
5-0, СН,(4)а зо СН, (b) b 
— i — i Partial double bond property 


N И ~ 
H 8* ‘CH, (b) b H ° СН,(4)а 
6 2.94 


Chemical Shift Equivalence and 
Magnetic Equivalence 


Chemical shift equivalence: magnetic equivalence: 
АУАВ / ЧАВ > 6 АУАВ / ЧАВ > 6 
SA = 6B ЗА = 6B 
ЧАВ = ЧВА 
(Н. 5 1.76) H GH, dic 
О CH 
сс УН (Hy, ë 1.98) 
H H | 
(Н., 5 3.40) | | 
CH, NUM | 
| ОН 


Chemical Shift Equivalence and 
Magnetic Equivalence 


Chemical Shift Equivalence and 
Magnetic Inequivalence 


NO2 
HX HX' 
HA HA' 
CI 
ОА = ОА 
ОХ = бу 


ЕВ НВ 
КА НА 
КА В 
>< Jag ~ 10Hz 
HA b 
F НВ 
— JAB ~ 16 Hz 
HA FB 
ОА = óB 


ЈАВЕ Jar * УВЕ 


Multipletes for Various Types of Spin Systems 
Two Spin Systems (AX to AB) 


ДУ 4 > 6 | 
1. Ам/Л > 100 | 5. AV/Jap = 0, Va = V = 1 ppm 
X A 
| H H | 
| | | | 
| хе с | 
mu се шаа | те Can нэг Ес 
Ду 4 «6 v" Va 
2. AV/Jab = 6, М = 1.144 ppm 3. AV/Jab = 2, Vb zs 1.048 ppm 4. АУ/Лаь = 1, Vb ^i .024 ppm 
B A R H R | 
AB "c^ | mu | 


Multipletes for Various Types of Spin Systems 
Three Spin Systems (А.Х to А.В) 


Јах = 7 Hz, Va = 1.0 ppm, Ух (Vp) = variable 


1. Av/Jax > 100 A 5. Av/Jab = 0, Va = Vp = | ppm 
2 


Hs X x | 
74 4 | 
R OH | | | 
тат тг. 2 ЕЕ С 
08 1.06 04 0 1.00 ppm 
Va 
2. Av/Jax = 6, Ух =1.084 ppm 3. AV/Jab = 2, уь = 1.028 ppm 4. Av/Jab = 1, Vp = 1.014 ppm | 


Three Spin Systems АМХ to ABX 


Jam = 12 Hz, Јах = 8 Hz, Jmx = 3; Уа = 1.0 ppm, Ур (Vp) = variable, ух = 2.0 ppm, 


|. AV/Jam > 100 5. Ау/ Jap = 0, Va = Vp = 1 ppm 


20 18 16 14 12 1.0 ppm 
Vm Va 


2. Ау/Лаь = 6, Vm = 1.144 ppm 


AB 
|| 


3. Av/Jap = 2, Vp = 1.048 ppm 


4. Av/Jap = 1, Vp = 1.024 ppm 


48 1.6 1.4 


mese qoi ج کک‎ И جح‎ б т ы „у; 


1.2 1.0 г 


Three Spin Systems АМХ to ABX 


“ Ph 
st | | 11 
х 


Multipletes for Various Types of Spin Systems 


Four Spin Systems (А.Х їо A,B) 


l. ДУГ Јах > 100 А, S. Av/Jap = 0, Va = Vp = 1 


CH,-CHRR' x 


X AS X | 
| | 


1.10 1.08 1.06 1.04 1.02 1.00 0.98 ppm 


2. Ау Jag = 6, Vp = 1.084 ppm 3. Ау = 2, Уу = 1.028 ppm 4. Ду/ ль = 1, Vp = 1.014 ppm 


№ 1 | | | 
1315 GRAL м 


110 1.08 106 104 102 100 ( 06 1.04 102 100 0.9 04 1.02 1.00 0.98 | 


Multipletes for Various Types of Spin Systems 
Four Spin Systems (A,X, to А.В.) 


1. Ам/ Јах > 100 


5. Ау ар = 0, Va = Vp = | ppm 

і x 
x X 
| | 2 К | 
1 | R^ ~ | 
| 
ЕЕЕ 28 p Ее 112 110 108 106 104 102 100 098 096 pom 
Ух V 


2. АУ/Јаь = 6, vb = 1.084 ppm 3. Ау/Ль = 2, Vp = 1.028 ppm 4. Ау ар = 1, Vp = 1.014 


1 || | 
Hid ull, ال‎ 
ЛАК | ПЕ 


) 108 4.06 1.04 1.02 1.00 0.98 


6 1.04 1.02 1.00 6 104 102 100 0.98 0.96 0.96 


Multipletes for Various Types of Spin Systems 
Four Spin Systems (AA' ХХ” to AA' ВВ”) 


ХХ 1, Av/Jax > 100 АА 5. Av/Jax = 0, Уд = Уа = Ух "Ух = 7 


| 
1 | x | х, x 
x @ ° | x 2 Q- CX 
lY ^ сүз | 
п =. ЊЕ. тю 7.05 “тоо 6.95 ppm 


2. АМ/Јах = 6, Ух = Ух = 7.084 


| р || 


В 
| 
| x | | || | | 
|| Ш | 
^ : џ 1207 7 1 Wa со шэг эш == Eco ст гу па M 


Ба A 5 


АА" ВВ" 


710 705 _ ` 7.00 


Four Spin Systems АА ХХ” 


ХХ АА” 


а а а а Ај По а а ыны 
8.22 8.20 8.18 8.16 7.56 7.54 7.52 7.50 


Four Spin Systems АА ХХ’ 


ХХ” А А” 


Four Spin Systems АА’ ВВ" 


Multipletes for Various Types of Spin Systems 
Five Spin Systems (A,X, to А.В.) 


1. Av/Jax > 100 5. Av/J,x = 0, Ма = Vp = | 
А» 
Н 
x 
^ | КСС | 
| | H H ” 
| 
117 | — CEF А Jud 22 220 шиг | 2-2 шэг 
1.10 1.05 1.00 0.95 рргп 
Ух v 


Ур-1.028 4. АУ/Льь = 1, vp = 1.014 


| | 
^. 105 1.00 0.95 


2. АУЛ = 6, У, = 1.084 | 3. Амар =2, 


тээ 


1.10 


АзВ, 


| 
1.05 1.00 095. 


Conformationally Mobile, Open-Chain 
systems. Unsymmetrical Chains А.М,Х, 


Аз 
СН, -СН,-СН,МО, | 
А. M, X, 
1320 1300 "620 600 ele 320 300 x 
Hz Hz 
il 
2 
3.0 2.5 2.0 135 1.0 


Conformationally Mobile, Open-Chain Systems. 
Unsymmetrical Chains A,B,C,D,M.X, 
НОСН,-СН,-СН,-СН,-СН,-СН, 


Х, А; В, C, D, M, 
Х, M. 


| 


3.5 3.0 2.5 2.0 1.9 1.0 
ppm 


Open-Chain Systems 
Symmetrical Chains A,X, ог (А.А, Х.Х» ) 


Open-chain systems 
Less Symmetrical Chains А,В,МХ, 


HDO H, Н.Н 5 
7 Л 
х 
соон НООС Ж ^COOH 
CH, 
"а epe н ну 


Open-chain systems: Less Symmetrical Chains 


7 9 CH, 


X А CH, | - | 
4 5е 
8 До 1 


|| ^ uS | | 
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Chapter 4 
13С NMR Spectrometry 


ЗС |= 10, ММВ detectable, Би! 
Natural abundance is only1.1 96 that of 12С 
Sensitivity is only 1.6 96 that of 'H 

12С 1-0, NMR undetectable 


The overall sensitivity of !3C / 1H is 1/5700 


13С ММВ Spectrum with Proton-Coupling 


13С ММВ Spectrum with Protons Decoupled 
by the Broadband Decoupler 


3 О 
2 | 5 6 

3 4 4 СОСН,СН, 

| снн, 

| | 


13С ММВ Spectrum with Protons Decoupled 
and a 10-s Delay between Pulses 


Free Induction Decay (Time Domain) and 
Fourier Transformed 13С ММВ Spectrum (Frequency 
Domain), Decoupled 


CH,OH 


FID 


| п) апа 
Free Induction Decay (Time шин ри 
ier Transformed "ЗС NMR Spectrum 
опе Domain), Decoupled 


CH4-CH;-0H 


| СН, СН; | 
FT : 


Schematic Representation of 
the rf Pulse Followed by the FID and Pulse Delay 


90° Flip of "ЗС Nucleus and Relaxation 


Power 


pulse pulse 
delay delay 


| 

| | Acquisition Time | Pulse | Time 
rf! (Freelnduction | Delay | 

Pulse Decay) if used 


13С NMR with Protons Decoupled 
by the Broadband Decoupler: An Example 


(CH3)4C -OH (CH3) 


13C NMR TMS 


— 1 L О SE 1 1 1 4 jJ До I f f ОА 
90 180 70 жо 150 мо 130 120 тю 100 90 во 70 бо 50 40 30 20 ю об, 


13С NMR with Protons Decoupled 
by the Broadband Decoupler: An Example 


ÇI 4 
CH „СН, 2 
H,C* 2 “сн, 


13С NMR with Protons Decoupled 
by the Broadband Decoupler: An Example 


a 


с 
ОН СН 
Нас 3 
SN d “1 
CH— CH— C — CH40H 

нас“ 8 а |6 

с CH 

я 3 g f T 


190 180 170 160 150 МО 130 120 10 100 90 80 70 60 50 40 зю 20 жю 06 


13С ММВ Chemical Shifts: 
Inductive Effect of Substituents on Alkanes 


14-15 


R R 
11-12 R 8-11 КД аз T 
CH CH ü 
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13С ММВ Chemical Shifts: Inductive Effect of 
Substituents on Alkanes and Cycloalkanes 
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13С ММВ Chemical Shifts: 
y Gauche Interaction on Alkanes 
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13С ММВ Chemical Shifts: 
y Gauche Interaction on Cycloalkanes 


13С ММВ Chemical Shifts: 
y Gauche Interaction on Cycloalkanes 


13С ММВ Chemical Shifts: 
Effects of Substituents оп Alkenes 
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13С ММВ Chemical Shifts: Conjugative 
Effects of Substituents on Alkenes 
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13С ММВ Chemical Shifts: Inductive Effects of 
Substituents on Alkenes and Cycloalkenes 
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13С ММВ Chemical Shifts: 
Effect of Substituents on Alkynes 
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13С ММВ Chemical Shifts: Inductive and Conjugative 
Effects of Substituents on Aromatic Compounds 
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13С ММВ Chemical Shifts of Carbonyl Groups 
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13C NMR Chemical Shifts of Alcohols and Ethers 
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13С Chemical Shifts of Common Structures 
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ІЗС-ІН Spin Coupling: Some ШУ, values 


Compound "Јен J (Hz) 

sp? 
СН.СН, 124.9 
СН.СН.СН, 119.2 
(CH,),CH 114.2 
СН.МН, 133.0 
СН.ОН 141.0 
СНС 150.0 
СН-Сі, 178.0 


СНСІ, 209.0 


ІЗС-ІН Spin Coupling: Some "Ј.С. values 


Compound J (Hz) 
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13С4Н Spin Coupling: Some "Ус. 
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CH,—CH, 156.2 
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СН,СН--О 172.4 
NH,CH—O 188.3 
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ІЗС-ІН Spin Coupling: Some 14), values 


Compound "Јен J (Hz) 
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СН--СН 249.0 
C,H;C=CH 251.0 
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ІЗС-ІН Spin Coupling: Some 2/2, values 


Compound Јен J (Hz) 
sp- 
СН,СН--О 26.7 


ІЗС-ІН Spin Coupling: Some 2/2, values 
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СН,--СН, m 2.4 
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ІЗС-ІН Spin Coupling: Some 2/2, values 


Compound 2 сн У (Hz) 


sp 
CH=CH 49.3 
C,H,OC=CH 61.0 


Coupling Constants for "ЗЕ Coupled to ЗС 
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Coupling Constants for “Р Coupled to "С 


Compound "Чер У (Hz) 2 ср 27 (Hz) Зорі (Hz) 
(CH;CH,),P* Br- 49 4,3 
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19.6 6.7 


Coupling Constants for ^H Coupled to ЗС 
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NOE Difference Spectra 
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13С Broadband proton Decoupling, 
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DEPT Spectra 
( Distortionless Enhancement by Polarizatin Transfer) 
distinguishing between СН,, СН, and CH 
(replacement for “ off- resonance decoupling”) 
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ММН Shift Reagents 


Март) 
R = t-butyl, Eu(dpm), М = Eu or Pr 
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Unsaturation Number: 
Index of Hydrogen Deficiency 


Q = C + 1 — H/2 — X/2 + N/2 
(X ЕЕ, СІ, Br, 1) 


For example: С-Н,О 


Q = C + 1 — H/2 - X/2 + N/2 
= 7+1- 8/2 =4 


ІҢ Chemical Shifts of Common Structures 
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e Assign Peaks: А spectrum and a structure will be displayed. To assign the spectrum, you must ^ 
first click on а proton (ог group of protons) in the structural formula. When you click on a 
proton, a e will appear slightly below and to the right of the proton chosen. If the structure 
contains equivalent protons, only one will be clickable. You will know that you are on a 


clickable proton when the Му converts to №8. Опсе you have selected a proton, click on the 
proper resonance іп the spectrum. If the proper assiznmment із made, the e will be converted 
into a e and the word "correct" will appear іп the cell in the top frame. Otherwise the e will 
remain and the word "incorrect" will appear. 

s Identify Compound: А spectrum will be displayed and below the spectrum will be а list of 
five compounds. Click on the bubble in front of the compound corresponding to the displayed 
spectrum. Results appear in top frame. 

s Assignment Tutor: The spectrum and structure are displayed as in the “Assign Peaks" option, 
but clicking on а resonance causes а e to appear below the appropriate ркоћоп (2). 


Note to Netscape users: Ut late І have been encountering problems loading complex framed pages 
into Navigator, if I’m also running Internet Explorer. The problem goes away if I reboot the 
computer and run Navigator directly without having run IE. The pages always seem to load with IE = 
and there are no errors in the page syntax to cause loading problems. Whether this 18 a result of 
some IE/Navigzator conflict, I don t know, but it does cause one to ponder. 

The current database contains over 150 compounds. When I am satisfied with the performance of the 
page, I 11 bundle it all as а zip file for others to download. To help with this, I would greatly 
appreciate feedback and have а link below for that purpose. Thanks. 
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Chapter 8 
Spectral Analysis of 
2D Correlation NMR Spectroscopy 
Common Homonuclear 2D 
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Spectral Analysis of 
2D Correlation NMR Spectroscopy 
Common Heteronuclear 2D 
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Nuclear Overhauser Effect (NOE) 
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Nuclear Overhauser Effect 
NOE's in a linear four-spin system 
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NOE measurement 
NOE difference experiments 
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Distinguishing between citraconic acid & mesaconic acid 
using 1D NOE difference spectra 
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1D NOE Difference Spectra 
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1D NOE Difference Spectra 


Selective heteronuclear 'Н-"ЗС NOE Difference Spectra 
on a compound containing a t-butyl group 
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Selective heteronuclear !'H-'*C NOE Difference Spectra 
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2D 1Н -*H NOESY 
(Nuclear Overhauser and Exchange SpectroscopY) 


F1 noise strips for the four CH3 Symmetrization artifacts in NOESY 
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2D NOESY spectrum of a penicillin derivative 
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2D NOESY spectrum of ailanthone 


2D NOESY spectrum of aphanamol 
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Comparison of phase-sensitive NOESY and COSY- 90? spectra of 


lysozyme 
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phase-sensitive NOESY 
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Chapter 11 


Assigning molecular structures 
using one and two-dimensional ММН data 


Some selected 20 ММВ experiments 
F2 


experiments 


1. Homonuclear Н,Н 2d J-S 


2. Н,Н COSY 


3. Long range COSY 


4. H,H relay 


5. NOESY (1D nOe diff.) 


6. С.Н COSY (НМОС) 


7.Long-range C,H COSY 
(COLOC) (HMBC) 


8. Heteronuclear relay 


9. HOESY 


10. 2D- INADEQUATE 
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Assigning 'H ММА Spectrum of Sucrose 
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Assigning 'H,'H COSY 90° Spectrum of Sucrose 
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Assigning 'H,'H 20 J-5 Spectrum of Sucrose 
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Assigning '*C,'H 2D J- 5 Spectrum of Sucrose 


Assigning '*C,'H COSY Spectrum of Sucrose 
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Assigning COLOC Spectrum of Sucrose 
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Assigning INADEQUATE Spectrum of Sucrose 
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Assigning ІН and "ЗС NMR Spectra of Menthol 
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Assigning 'Н/Н COSY 
Spectrum of Menthol 
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Assigning Long range 'H,'H COSY Spectrum of Menthol 10 


Assigning INADEQUATE Spectrum of Menthol 
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Assigning '*C,'H COSY Spectrum of Menthol 
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Assigning Long-range СҮН COSY (COLOC) 
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Assigning Н-Н-С Relay Spectrum of Menthol 
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Assigning 'H,'H 2D J- д Spectrum of Menthol 


Assigning Long-range ЗСИН 2D J- д Spectrum of Menthol 
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Кӛзестейіям 


Colorless crystals (acetone), 
m.p. 96-98 C; [ca], n: +82° 
(c 0.60, СНС.) 


15,10/(8,12)-diepoxy-7 5,11 /-dihydroxy-8/,12a-dimethoxyeremophilane 
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STAMDARD 1H OBSERVE 


Archive directory: /export,home/gaokong,vnmrsys,data 


Sample directory: 
File: PROTON 


Pulse Sequence: gHSQC 


Solvent: СОСІЗ 
Ambient temperature 
Mercury-400BB “ULAOC400" 


Relax. delay 1.000 sec 

Acg. time 0.160 sec 

Width 6410.3 Hz 

2D Width 17094.0 Hz 

32 repetitions 

2 м 128 increments 
OBSERVE H1, 400.1717870 MHz 
DECOUPLE C13, 100.6308056 MHz 
Power 48 dB 

on during acquisition 

off during delay 

GARP-1 modulated 
DATA PROCESSING 

Gauss apodization 0.074 sec 
Fi DATA PROCESSING 

Gauss apodization 0.014 sec 
FT size 2048 x 2048 
Total time 2 hr, 55 min, 8 sec 
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15,10/(8,12)-diepoxy-7 5,11 5-dihydroxy-85,12a-dimethoxyeremophilane 


